The selection of escape mutations has a major impact on immune control of infections with viruses such as human immunodeficiency virus (HIV). Viral evasion of CD8
؉ T-cell responses leaves predictable combinations of escape mutations, termed HLA "footprints." The most clearly defined footprints are those associated with HLA alleles that are linked with successful control of HIV, such as HLA-B*57. Here we investigated the extent to which HLA footprint sites in HIV type 1 (HIV-1) are associated with viral evolution among and within clades. First, we examined the extent to which amino acid differences between HIV-1 clades share identity with sites of HLA-mediated selection pressure and observed a strong association, in particular with respect to sites of HLA-B selection (P < 10 ؊6 ). Similarly, the sites of amino acid variability within a clade were found to overlap with sites of HLA-selected mutation. Second, we studied the impact of HLA selection on interclade phylogeny. Removing the sites of amino acid variability did not significantly affect clade-specific clustering, reflecting the central role of founder effects in establishing distinct clades. However, HLA footprints may underpin founder strains, and we show that amino acid substitutions between clades alter phylogeny, underlining a potentially substantial role for HLA in driving ongoing viral evolution. Finally, we investigated the impact of HLA selection on within-clade phylogeny and demonstrate that even a single HLA allele footprint can result in significant phylogenetic clustering of sequences. In conclusion, these data highlight the fact that HLA can be a strong selection force for both intra-and interclade HIV evolution at a population level.
Virus-specific CD8
ϩ T cells play a central role in controlling infections with viruses such as human immunodeficiency virus (HIV) (15, 16) . Cell surface presentation of viral peptides by HLA class I molecules allows recognition and killing of virusinfected cells by CD8 ϩ T cells. This generates a strong selection pressure for viral escape mutations that reduce peptide recognition by CD8 ϩ T cells and results in characteristic associations between particular escape mutations and the restricting HLA allele (5, 29, 30, 32, 38) . These escape mutations can undermine the immune response (3, 14) but may also be detrimental to the virus by reducing infective or replicative capacity (29, 38) . Indeed, HLA-mediated immune control of HIV may hinge critically upon the ability of particular CD8 ϩ T cells to drive the selection of escape mutants that impose a significant fitness cost on the virus (2, 13, 27, 30) .
Previous work has shown that HLA alleles, in particular those alleles associated with effective immune control of HIV, such as HLA-B*57 and HLA-B*27 (20, 21, 35) , select a characteristic, predictable combination of escape mutations in the virus (8, 11, 25, 30, 38) -termed a "footprint" (31) . The starting point for the present analysis is our observation, from previous studies of B-clade-and C-clade-infected cohorts (25, 29) , that escape mutations selected in B-clade-infected individuals expressing HLA-B*57 frequently represented the consensus in C-clade sequences and that the consensus sequence in the AE clade bears many of the signature mutations of the HLA-B*57 footprint.
The aim of the present studies was to investigate the extent to which HLA footprints impact on HIV phylogeny, first by considering their relationship to sites of difference between clades and second by quantifying their influence on the clus-tering of sequences within a clade. We initially tested the hypothesis that amino acid differences between clades are commonly also those that represent escape variants associated with particular HLA alleles. To investigate this, we compared sites of interclade amino acid variability with sites at which HLA selection pressure had been previously identified from analysis of a C-clade-infected cohort of Ͼ700 study subjects in Durban, South Africa (30) . The role of these variable sites in determining clade phylogeny was investigated by comparing the phylogenetic clustering of sequences in the presence and absence of the variable sites and also by swapping characteristic amino acid polymorphisms between clades.
Having established a potential role for HLA in driving amino acid sequence diversity between different clades, we next evaluated the extent to which HLA alleles might have an impact on viral evolution within a clade. We tested the hypothesis that characteristic combinations of CD8 ϩ T-cell escape mutations might cause unrelated HIV nucleotide sequences of the same clade to cluster phylogenetically.
MATERIALS AND METHODS
Software and statistics. We aligned nucleotide sequences, using Se-Al (tree .bio.ed.ac.uk/software/seal). We used PAUP* v.4.0 to construct neighbor-joining (NJ) phylogenetic trees from nucleotide sequences by using the HKY85 substitution model (17) and the parsimony algorithm implemented in MacClade v.4.0 (28) to quantify phylogenetic clustering. We used GARLI software (Genetic Algorithm for Rapid Likelihood Inference, available at www.nescent.org) to build maximum-likelihood (ML) trees from nucleotides and read bootstrap values from 100 bootstrap replicates in Bootscore (http://sourceforge.net/projects /bootscore). We used the Entropy One tool available at Los Alamos HIV databases (www.hiv.lanl.gov/content/sequence/ENTROPY) to calculate Shannon entropy. Statistical tests were undertaken with GraphPad Prism v.5.0.
Impact of HLA selection on amino acid polymorphisms between clades. In order to investigate whether HLA footprints might account for some of the amino acid differences occurring between HIV type 1 (HIV-1) clades, we used clade A1, A2, AE, B, and C Gag, Pol, and Nef sequences published by the Los Alamos HIV database (www.hiv.lanl.gov). We selected these clades because A, B, and C account for the majority of infections worldwide and the most sequence data are available for these groups. In addition, we included analysis of CRF strain AE, in which Gag is derived from the A clade, to highlight the observation that these sequences show evidence of an HLA-B*57 footprint. We used the most recent (2004) consensus sequences for each clade to identify sites of amino acid differences between clade consensus sequences. We identified sites of HLAmediated polymorphism by using previous analyses of C-clade Gag, Pol, and Nef sequences from 710 chronically infected adults (30). Fisher's exact test was used to test whether sites at which there is interclade variability are also sites of HLA-associated polymorphism. In order to determine the extent to which the results of our analysis are applicable despite the longitudinal HIV sequence changes that occur, we also compared ancestral HIV sequences for clades A1, B, and C (available at www.hiv.lanl.gov) to current consensus sequences for these three clades.
Impact of clade-specific amino acid polymorphisms on clade phylogeny. To investigate the effect of the sites of interclade difference on the phylogenetic distinction between clades, we used Gag p24 sequences downloaded from www .hiv.lanl.gov, excluding clonal sequences. First, we sought to determine whether these variable sites are fundamental to defining clades. We randomly selected 20 taxa from clades A1, A2, AE, B, and C and used 12 taxa available for clade A2. We constructed NJ phylogenetic trees from nucleotides in the presence and absence of 27 codons at which we had identified amino acid differences between clades.
Second, we investigated whether amino acid polymorphisms characteristic of one clade alter phylogenetic clustering when superimposed onto sequences from another clade. We selected 20 sequences at random from clades A1, B, and C. Sequences were then modified at sites at which we had identified variability between clades (these sites and their HLA associations are shown in Fig. 1 ) by substituting the consensus codon for one clade for the same site in taxa selected from another clade. NJ phylogenetic trees were constructed by using the original nucleotide sequences for each clade plus the altered sequences bearing the characteristic codons of a different clade.
Study subjects for investigation of HLA footprint mutations with entropy and with phylogenetic clustering. C-clade sequences were derived from a cohort of 710 chronically infected, treatment-naïve adult subjects from Durban, South Africa, as previously described (21, 22, 25, 30) . The sequences used have the following GenBank (http://www.ncbi.nlm.nih.gov/) accession numbers: Gag, FJ198407 to FJ199088, Pol, FJ199532 to FJ199992; Nef, FJ199089 to FJ199531. B-clade sequences were derived from 149 subjects with acute HIV-1 infection recruited from Boston, MA, and Sydney, Australia (1, 26) , and 234 subjects with chronic infection (cohort previously described by Schneidewind et al. [38] ; sequences available at www.hiv.lanl.gov).
Relationship between sites of HLA selection within a clade. We used C-clade population sequences from Gag, Pol, and Nef to investigate the relationship between entropy and HLA footprint sites. Sequences with gaps of more than five consecutive amino acids were removed from the analysis in order to avoid false overestimation of entropy due to missing data. Total sequence numbers for this analysis were as follows: p17 Gag, 584; p24 Gag, 646; p15 Gag, 421; protease, 402; reverse transcriptase (RT), 254; integrase, 244; Nef, 424. The Shannon entropy for each amino acid residue was calculated. We adopted a conservative approach by then excluding sites at which there is no amino acid variation (entropy score ϭ 0) from further analysis. Sites of HLA-associated amino acid polymorphism were determined from our previously published analysis (30) . We compared entropy at sites of HLA-A, -B, and -Cw selection to entropy at sites where no HLA selection pressure had been identified. Significant difference between the entropy scores of these two groups of sites was sought with a Mann-Whitney test.
Sequences used to asses phylogenetic clustering mediated by footprints of HLA-B*5703 and HLA-B*2705. We used population sequences from C-clade Gag and Nef to evaluate the impact of the HLA-B*5703 footprint and from B-clade Gag to evaluate the impact of the HLA-B*2705 footprint. We selected C-clade taxa from a pool of 566 Gag sequences (p17 and p24, 1,080 nucleotides) and 443 Nef sequences (621 nucleotides). HLA B*5703 was present in 35 subjects with Gag sequences and 16 subjects with Nef sequences. This allele commonly selects five escape mutations in Gag (8, 11, 25) and two in Nef (30) (for the mutations and their frequencies, see Fig. S1 in the supplemental material).
In our B-clade analysis, 6 subjects from the acute infection cohort and 19 subjects with chronic infection had HLA-B*27. The HLA-B*27 footprint comprises three mutations selected in chronic infection, at Gag positions 173, 264, and 268 (37, 38) . To contribute to a pool of HLA-B*27-negative subjects, we selected sequences from www.hiv.lanl.gov expressing the wild-type amino acid at HLA-B*27 footprint sites. Due to limited sequence availability in the chronic infection cohort (38) , phylogenetic trees were restricted to taxa of 330 nucleotides length.
Quantification of phylogenetic clustering. In order to quantify phylogenetic clustering, we adopted a maximum-parsimony approach. Our method calculates the minimum number of mutations required to produce an evolutionary history consistent with the specified amino acid pattern. We constructed NJ phylogenetic trees from nucleotide sequences and mapped all of the amino acid changes at the specified HLA footprint sites on this tree with the MacClade parsimony algorithm (28) . The minimum number of mutations (parsimony score) for each of the footprint sites was then summed, giving a total minimum number of evolutionary changes. As a comparator, we calculated the equivalent parsimony score from the same sequences in the absence of the footprint sites. In order to assess the impact of the footprint mutations on clustering, we calculated the difference between the parsimony scores generated in the presence and absence of the footprint mutations for each pool of 100 sequences. A greater degree of phylogenetic clustering is reflected by a smaller parsimony score. Thus, as phylogenetic clustering accumulates, there is an increase in the difference between parsimony scores in the presence and absence of footprint sites; if no phylogenetic clustering is brought about by the footprint, we would expect this difference to be zero.
Phylogenetic clustering of sequences bearing an HLA-B*5703 footprint. We evaluated the phylogenetic clustering of sequences bearing an HLA-B*5703 footprint by generating a data set containing 100 C-clade Gag sequences. These were selected at random to comprise 20 HLA-B*5703-positive and 80 HLA-B*5703-negative individuals from the aforementioned pool of sequence data. We then repeated the process of selecting 100 Gag sequences at random 100 times over, constructing an NJ tree for each data set, and quantifying phylogenetic clustering, as described above, in the presence and absence of the five HLA-B*5703 footprint sites. In order to account for the statistical variance arising from phylogeny estimation, we also used one set of these taxa (100 Gag sequences) to generate 100 bootstrap trees and quantified phylogenetic clustering in the presence and absence of the footprint sites.
To assess clustering mediated by HLA-B*5703 footprinting in Nef, we generated 50 randomized data sets, each containing 100 C-clade taxa. Each data set contained the same 16 sequences from HLA-B*5703-positive patients (due to limited data, we did not randomize these sequences) and 84 selected at random from HLA-B*5703-negative patients. We used the same methods as described for Gag to quantify phylogenetic clustering in the presence and absence of footprint sites.
Simulation of phylogenetic clustering according to a varying number of footprint mutations and an altered footprint frequency. To further explore the phylogenetic impact of the HLA-B*5703 footprint, we used the methods described above to quantify the phylogenetic impact of varying the number of mutations per sequence and the proportion of sequences bearing mutations. To quantify the impact of between one and five footprint mutations, we used 100 Gag sequences selected at random from HLA-B*5703-negative subjects. We artificially superimposed a characteristic, conserved HLA-B*5703 footprint on 20 sequences from this pool of 100, starting with the mutation site with the strongest HLA-B*5703 association (defined by Fisher's exact test; see Fig. S1 in the supplemental material). We added the full footprint of five mutations, one site at a time, to each of the 20 selected taxa, quantifying phylogenetic clustering after the addition of each mutation and repeating this process of random sequence selection and addition of a conserved footprint 20 times. To explore how the proportion of sequences bearing the mutations impacts upon phylogenetic clustering, we repeated this analysis with all available HLA-B*5703-negative sequences (n ϭ 526). We added sequential footprint mutations to 5%, 10%, and 20% of all taxa, selected at random, and repeated this process 10 times.
Phylogenetic clustering of Gag sequences bearing an HLA-B*27 footprint. We investigated the impact of the HLA-B*27 footprint on viral phylogeny by the same methods described above. We modeled the phylogenetic impact of this footprint by using taxa from HLA-B*27-negative subjects from our C-clade cohort. We randomly selected 100 Gag sequences and superimposed the char- We then assessed phylogenetic clustering among sequences from subjects from B-clade cohorts by using subjects truly expressing HLA-B*27. The HLA-B*27 footprint is selected late in infection (14, 38) , so we compared clustering among subjects with acute and chronic infections. Due to limited sequence numbers, we did not perform randomizations but constructed a single ML tree with 100 nucleotide sequences. These taxa consisted of all sequences from subjects expressing HLA-B*27 (n ϭ 6 in the acute infection cohort and n ϭ 19 in the chronic infection cohort), with the remaining sequences selected at random from the pool of HLA-B*27-negative subjects.
RESULTS
HLA footprint sites overlap sites of interclade HIV amino acid polymorphism. We addressed the potential impact of multiple HLA footprints on HIV evolution by investigating whether sites of HLA selection correspond to sites of variation in amino acid residues between clades in Gag, Pol, and Nef. In Gag sequences (p17, p24, and p15) from clades A1, A2, AE, B, and C (n ϭ 1,230) downloaded from the Los Alamos HIV database, only 3.2% of the sites (16 of 500 residues) were invariant. We defined sites of interclade variability based on consensus sequences, identifying 103, 136, and 62 residues in Gag, Pol, and Nef, respectively, that vary among clades A1, A2, AE, B, and C. Consensus sequences from p24 Gag are shown (Fig. 1) . We compared these sites with residues at which HLAmediated immune selection pressure has been identified from a previous analysis of a C-clade cohort in which 84, 83, and 51 sites of HLA-associated polymorphism were described in Gag, Pol, and Nef, respectively (30) .
A strong association was seen between sites of interclade amino acid variability and sites of selection pressure mediated by HLA-A, -B, and -C (P ϭ 4.1 ϫ 10 Ϫ7 , P ϭ 9.8 ϫ 10 Ϫ19 , and P ϭ 1.3 ϫ 10 Ϫ5 , respectively; Table 1 ). Consistent with previous studies (21) , the strongest association with interclade amino acid differences was for sites of selection pressure mediated by HLA-B in p24 Gag (P ϭ 5.0 ϫ 10 Ϫ10 ) ( Table 1 and Fig. 1 and 2a ). This remained significant even when HLA-B*57/5801 was excluded from the analysis (P ϭ 3.6 ϫ 10 Ϫ8 ), demonstrating that the association is not limited to these immunodominant alleles. Overall, 59% of the sites of interclade   FIG. 2 . Proportion of amino acid residues at which HLA-B-associated polymorphisms are detected. All amino acids in each protein are represented, divided into "variable residues" at which there are interclade differences in amino acids and "conserved residues" that are identical among consensus sequences for clades A1, A2, AE, B, and C. The proportion of each of these sites at which HLA-B selection has been previously identified (30) p24 Gag variability were also identified as sites of HLA-Bdriven selection pressure (Fig. 1) . For the Pol and Nef proteins, 18% of the variable residues were also sites of HLA-Bdriven escape mutation (example shown in Fig. 2b) .
In comparing predicted ancestral sequences with contemporary (2004) consensus sequences, we identified differences in only 5.1% of the residues across Gag, Pol, and Nef, suggesting little overall longitudinal change in amino acids that characterize individual clades. The amino acids that differed in our comparison of ancestral and consensus sequences were largely the same as the amino acids that differed among modern consensus sequences for clades A1, A2, AE, B, and C (in 90%, 100%, and 96% of the cases in Gag, Pol, and Nef, respectively). This suggests that our strategy of comparing clade consensus sequences not only accounts for current differences among clades but also largely accounts for sites of amino acid diversity that have evolved longitudinally.
We also investigated whether HLA footprint sites are associated with sites of sequence variability within a clade. We used C-clade sequences to compare Shannon entropy for sites at which there is no known HLA selection to sites at which there is HLA-associated polymorphism (as identified previously [30] ). As expected, we found significantly higher entropy scores at sites of HLA-mediated selection, compared to sites at which no HLA selection is detected (see Fig. S2 in the supplemental material); this relationship was most consistent for HLA-B (Table 2) .
Synonymous and nonsynonymous nucleotide substitutions contribute to clade-specific phylogeny. To investigate the extent to which sites of amino acid variability impact on phylogenetic distinction of HIV taxa into clades, we constructed phylogenetic trees in the presence and absence of the 27 codons that confer amino acid variability between p24 Gag clade consensus sequences. The majority, but not all, of these sites are also residues at which HLA selection has been shown to operate, as discussed above ( Fig. 1 and 2 ). Not unexpectedly, the phylogenetic distinction between these clades persists in the absence of these variable sites (Fig. 3) , showing that the distinction between clades exists as a result of synonymous nucleotide substitutions, as well as because of amino acid differences. We investigated the extent to which the presence of amino acid polymorphisms can affect phylogeny. Again not unexpectedly, by substituting the codons characteristic of one clade for the sequences of a second clade, we found evidence that changes at these sites can alter clade-specific phylogenetic clustering (characteristic examples shown in Fig. 4) . Consensus sequences for each clade are shown to fall within their respective clade clusters (Fig. 3) , demonstrating that the consensus sequences (also used elsewhere in our analysis) reliably reflect the random pool of sequences selected to represent each clade.
HIV subtype AE bears the HLA-B*57 footprint. The AE subtype (CRF variant) dominates the HIV epidemic in Thailand. Despite the low frequency of HLA-B*57 in the Thai population (1.8%) (7), it is apparent that the AE consensus sequence closely resembles an HLA-B*5703 escape mutant, incorporating many components of the Gag HLA-B*5703 footprint (that is, A146P, I147L, A163G, and S165N; Fig. 1 ). The only omission is T242N, the escape mutation that reverts to the wild type following transmission (8, 25, 29) and hence does not persist at a population level. The AE subtype thus is a clear-cut example, consistent with the hypothesis that HLA selection may contribute significantly to founder strains of HIV.
Phylogenetic clustering can be mediated by an HLA-B*5703 footprint in Gag. Previous analysis of C-clade sequences found that the HLA allele with the greatest number of associated HIV sequence polymorphisms was HLA-B*5703, with five strong associations in Gag alone (q, Ͻ0.05; P Ͻ 10 Ϫ6 ; see Fig.  S1 in the supplemental material) (30) . Therefore, we initially focused on HLA-B*5703 to determine the potential impact of a single allelic footprint on viral evolution within a clade.
To determine whether HLA-B*5703-mediated selection pressure has a potential impact on viral evolution, we assessed the phylogenetic clustering of C-clade Gag and Nef sequences. Phylogenetic clustering among 100 Gag sequences, of which 20 were taken from subjects expressing HLA-B*5703, was quantified in the presence and absence of the five HLA-B*5703 footprint sites. In the absence of these five codons, phylogenetic clustering of the sequences was reduced. When this analysis was repeated with 100 randomized data sets, the clustering effect mediated by the HLA-B*5703 footprint sites was found to be highly statistically significant (P Ͻ 0.0001 [paired t test]; Fig. 5 ). In 100 bootstrap trees generated from a single data set of 100 taxa, this clustering effect remained equally significant (P Ͻ 0.0001 [paired t test]; data not shown). Such clustering occurs even though some HLA-B*5703-negative patients may also possess HLA-B*5703 footprint mutations as a result of transmission (2) or selection by non-HLA-B*5703 alleles (19; see Fig. S1 in the supplemental material).
To address the possibility that excluding any group of polymorphic codons might itself significantly affect phylogenetic clustering, we repeated the analysis of Gag sequences by using the same methods but excluding five randomly chosen polymorphic sites in place of the five footprint sites characteristic of HLA-B*5703. For each of five data sets, we chose five randomly selected polymorphic sites with Shannon entropy scores equivalent to those of the HLA-B*5703 footprint sites (P ϭ Polymorphisms at these randomly selected sites occur independently, rather than arise in a distinct subset of taxa as a result of shared selection pressure, and therefore-as expectedhave no significant impact on phylogenetic clustering. Progressive phylogenetic clustering of Gag sequences occurs as sequential HLA-B*5703 footprint mutations are added. In order to quantify more specifically the impact of accumulating HLA-selected mutations, we conducted a simulation of HLA-B*5703 footprinting by using 100 sequences from HLA-B*5703-negative subjects and sequentially adding the five HLA-B*5703 footprint mutations to 20 of them selected at random. Representative phylogenetic trees constructed from these sequences are shown (Fig. 6) , demonstrating progressive clustering between sequences bearing the footprint as more mutations were added. Quantifying this clustering by the methods described above, we found that progressively fewer mutations were required to explain the phylogeny as more footprint polymorphisms were added, reflecting increasing clustering of footprint-bearing taxa (Fig. 7A) . Thus, significant phylogenetic clustering can arise as a consequence of imposing even a partial HLA-B*5703 footprint on randomly chosen Gag sequences.
With the same model, when we excluded footprint sites from the analysis, phylogenetic clustering was reduced (P ϭ 0.0004; see Fig. S3 in the supplemental material); this reduction in clustering may relate to the presence of shared mutations at these sites selected by other closely related alleles (such as HLA-B*5702 and HLA-B*5801; see Fig. S1 in the supplemental material). However, the phylogenetic clustering we quantified in true sequences in the presence of the footprint sites (Fig. 5) is largely a consequence of the addition of progressive mutations rather than an artifact of removing footprint sites for the purpose of generating a comparator (see Fig. S3 in the supplemental material).
By quantification of phylogenetic clustering with a larger pool of sequences (n ϭ 526) with a variable proportion bearing the footprint, we found that the degree of clustering increases as the proportion of footprint-bearing sequences is increased (Fig. 7B) . Even with only 5% of the sequences bearing the footprint (comparable to the true population phenotypic frequency of HLA-B*5703 in Durban), there is still a significant increase in clustering as the footprint mutations accumulate (r 2 ϭ 0.58, P Ͻ 0.0001 [linear regression]). Phylogenetic clustering can be mediated by an HLA-B*5703 footprint in Nef. In order to examine the effect of a smaller HLA-B*5703 footprint in a more variable protein than Gag, we repeated the same analysis with Nef, which contains two polymorphisms associated with HLA-B*5703 (see Fig. S1 in the supplemental material) (30) . We first investigated the true biological footprint, and subsequently imposed an artificial footprint of both mutations, by the same methods described above. Significant phylogenetic clustering of Nef sequences from B*5703-positive individuals was again seen as a consequence of shared footprint mutations (P Ͻ 0.0001 [paired t test]; Fig. 5 ).
Phylogenetic clustering can be mediated by an HLA-B*27 Gag footprint in chronic infection. Having established the significant phylogenetic impact of a single HLA allele that imposes a substantial footprint on the virus, we sought evidence of phylogenetic clustering mediated by a second allele, HLA-B*2705. HLA-B*2705 is also associated with immune control of HIV but selects a smaller footprint of three mutations in Gag, arising late in the course of infection (14, 38) . We observed significant phylogenetic clustering when we superimposed the characteristic footprint of three mutations (37, 38) on C-clade Gag sequences (P Ͻ 0.0001 [paired t test]; see Fig.  S4a in the supplemental material) . Analysis of the impact of the HLA-B*2705 Gag footprint arising as a result of natural selection showed, as expected, no clear evidence of phylogenetic clustering among HLA-B*2705 subjects in acute infection, since the escape mutations characteristically arise late (14; see Fig. S4b in the supplemental material) . In contrast, in our analysis of sequence data from subjects with chronic infection (38) , there is clustering of taxa from HLA-B*2705-positive subjects (see Fig. S4c in the supplemental material) , indicating that the selection pressure imposed by this allele can also drive convergent evolution over time.
DISCUSSION
These studies set out to address the impact of HLA-selected mutations on HIV-1 evolution at the population level. We observed a strong association between sites of HLA selection and amino acid variability between and within clades, demonstrated that amino acid substitutions between clades can alter phylogenetic clustering, and showed that the footprint of even a single HLA allele can cause clustering within a clade.
Our observation that HIV amino acid differences between clades tend to be those that are also selected as CD8 ϩ T-cell escape mutations has two possible explanations, (i) that these sites vary because of HLA selection or (ii) that sites of HLA escape are less constrained by a fitness cost to the virus. Both explanations may contribute to the observed findings. Analysis of the AE subtype that predominates in Thailand suggests that the former explanation may operate at least under some cir- (8) . When the A163G mutant arises alone, it significantly reduces viral replicative capacity in vitro and reverts rapidly to the wild type in vivo in the absence of HLA-B*5703 (8) . More commonly, A163G is found in association with the compensatory mutation S165N (8) . The observation that T242N, the one mutation with an uncompensated fitness cost, does revert suggests that the other polymorphisms (presumably with compensatory mutations) do not revert because there is no fitness cost rather than as a consequence of ongoing selection pressure. We hypothesize that the founder strain may have been transmitted by an individual with HLA-B*5703, that is, that the AE subtype of HIV came to incorporate A163G/S165N as a consequence of HLA-B*5703 being the original driving force.
Similar observations can be made from the less extensive characterization that has been made of HCV-specific CD8 ϩ T-cell responses: an escape mutation (Y1444F) within an immunodominant HLA-A*01 epitope in NS3 has been shown to accumulate in cohorts infected with genotypes 1 and 3 (23, 33) . In the case of HLA B*27, the immunodominant epitope in NS5B in genotype 1 infection may undergo a double mutation which is associated with immune escape and loss of protection (34) . These mutations form the consensus sequence of genotypes 2, 3, and 6 (Los Alamos Hepatitis C database; http://hcv .lanl.gov).
The contribution of HLA selection to amino acid sequence variation may be substantial, with 59% of the variation between Gag clade consensus sequences associated with sites of HLA-B selection. Moreover, these results are likely to be a considerable underestimate, as the HLA escape mutations we have considered here are limited to those identified in our Durban cohort (30) . Sites that are under positive selection may also be identified by calculating the dN/dS ratio (9, 10) , and this approach could be used to generate additional evidence that differences between clades relate to HLA selection. How- ever, the results of dN/dS ratio calculations vary as a function of the frequency of the selecting allele, are affected by the rate of reversion, and are difficult to apply to large populations; for these reasons, this approach is outside the scope of the present analyses.
The substantial overlap between sites of amino acid variability and sites of HLA-driven escape mutation is of relevance to T-cell-based vaccines. These sites of amino acid variability are not simply "toggle" sites (12) of little significance to T-cell recognition. On the contrary, toggling between amino acid variants may be a function of positive selection (9) , and our data suggest that vaccine constructs may need to be matched to the clade of virus prevailing in the target population.
We have demonstrated that sites of amino acid difference between clades are not required to distinguish clade specificity, suggesting that clades have been originally defined by nucleotide differences between founder sequences. Stripping sites of only nonsynonymous nucleotide substitutions is somewhat artificial since nonsynonymous and synonymous changes may arise in the same codon. However, the finding that clade clustering is preserved in the absence of synonymous changes is consistent with the previous observation that all HIV clades may be traced to ancestral sequences from the same region of Africa (39, 40) , rather than occur subsequently as a consequence of HLA selection. Nevertheless, we have also shown that exchange of polymorphisms between clades does affect phylogeny, underscoring the potential for HLA selection to shape the future evolution of the epidemic.
We have shown that otherwise unrelated HIV sequences within a clade may cluster together phylogenetically as a consequence of selection pressure imposed by even a single HLA allele, both in true sequence data and in a model of serial mutations. This simulated approach is robust because the underlying sequences are altered only at footprint sites, and the mutations themselves are inferred from genuine sequence data. The model shows more phylogenetic clustering than that seen among the true sequences as a consequence of complete conservation of the mutations applied in the simulation compared to variations in the true sequences (number of mutations, sites of mutations, and nucleotide substitutions are all conserved in the model but vary in real sequences). Irrespective of this, we show that clustering mediated by the HLA-B*5703 footprint sites remains highly statistically significant in true biological sequences. The significance of this clustering effect is all the more striking when considered in the context of the enormous diversity of HIV and the potential for multiple HLA footprints to coexist.
This observation is of potential utility when considering the use of lineage-corrected approaches in the detection of HLAmediated selection pressure on viruses. Statistical approaches to identify associations between HIV sequence polymorphisms and HLA alleles (21, 32) have been refined to account for a founder effect (4): lineage-based methods correct for similarities among taxa generated by their common ancestry, thus distinguishing bona fide HLA-escape mutations from artifactual associations mediated by founder effects (18, 36) . Con- versely, we show here that viral amino acid polymorphisms arising independently in individuals who share an HLA allele (29, 31, 38) may not be identified as independent mutations (homoplasies) in phylogenetic reconstruction but instead can mistakenly appear as shared ancestral mutations (synapomorphies). This may result in sequences that share common escape mutations being artificially grouped together during phylogenetic reconstruction. This phylogenetic bias has previously been addressed in the setting of HIV adaptation to neutralizing antibodies (18) and drug therapy (24) but not in the context of adaptation to CD8 ϩ T-cell responses. This confounding effect can be minimized by excluding the nucleotides under analysis (footprint sites) when constructing the phylogenetic tree. However, this requires a priori knowledge of the sites of escape mutation. In the absence of this information, phylogenetic clustering is likely to be reduced by maximizing the length of the sequence analyzed. This is relevant to many studies that carry out phylogenetic analysis with short protein fragments (e.g., protease, 99 amino acids). Artifactual clustering is likely to be a particular problem for within-clade HIV data sets, which are characterized by many phylogenetically uninformative singleton polymorphisms.
In conclusion, these data support a role for both founder effects and HLA selection in establishing the epidemic and suggest that future HIV evolution-within and between clades-may be significantly shaped by the HLA alleles to which the virus is exposed. CD8
ϩ T-cell vaccines may therefore need to be geared to the clade of virus affecting the target population and modified over time to keep pace with evolutionary changes in the virus driven by HLA.
